The ability of resolving the identity of molecular species in low concentration renders optical SERS analysis an excellent tool for ultrasensitive detection.
SERS largely relies on collective oscillations of conduction electrons in metals, which interact with light to produce high confinement of electromagnetic energy, particularly in narrow gaps between metal nanoparticles, but also at sharp nanoscaled corners and edges. 10, 11 These so-called localized surface plasmons can encompass intensity enhancement factors of up to 5 orders of magnitude at visible and near-infrared (vis-NIR) frequencies in metals such as Ag and Au, 9 which directly translates into an increase of electronic transition probabilities of atoms or molecules exposed to such fields. In particular, surface-enhanced Raman scattering by molecules starts with an excitation, followed by inelastic coupling to internal vibrational levels of the molecule and a subsequent radiative decay, thus involving two electronic transitions, and therefore undergoing signal enhancement factors up to 10 orders of magnitude by coupling to plasmonic hot spots. 9 Such a tremendous increase in SERS signal allows zeptomole detection. 12 However, SERS is typically performed on nanostructured metal surfaces, where plasmon hot spots are randomly distributed and little is known about the precise geometry and detailed mechanisms leading to such large field enhancements. This prevents accurate, quantitative SERS analysis. Recent attempts to produce quantitative, high-yield SERS have relied on optical field concentration at the gaps between aggregated particles, 9 but these systems are difficult to control, and their reproducibility is ruined by inescapable finite distributions of particle sizes and gap widths. 5 Other imaginative approaches using plasmon standing waves 13 and Wood anomalies in gratings 14 sacrifice the maximum achievable enhancement to gain controllability in return.
Herein we demonstrate a simple experiment that yields quantitatively controlled SERS enhancement factors beyond what has ever been thought possible. A sketch of the experimental system is shown in Figure 1a and involves the following steps: (i) A small fraction of the molecules to be sampled (1,5-naphtalenedithiol, 15NAT, in our proof-of-principle experiment) is randomly dispersed within a self-assembled monolayer of longer, dummy molecules with a low SERS cross section 15 (1-octanethiol, 1OT in what follows), which is deposited on an optically thick Au substrate; both 15NAT and 1OT molecules contain thiol groups through which they easily bind onto the Au substrate. (ii) Au nanostars 16 are then assembled on the molecule-decorated Au substrate. (iii) In contrast to 1OT, which contains a single thiol group through which it attaches to the planar Au surface, the probed molecules 15NAT contain a second thiol group that sticks out of the substrate and is thus available for the nanostars to bind on, preferentially through their tips, which are more easily penetrating through the bed of the longer 1OT † Departamento de Química-Física and Unidad Asociada CSIC-Universidade de Vigo.
‡ Université Paris Sud XI. § Instituto de Ó ptica, CSIC and Unidad Asociada CSIC-Universidade de Vigo. molecules. Optical hot spots are then formed in the gaps between nanostar tips and the planar Au surface. The dimensions of these gaps are determined by the length of the probed molecules (∼1 nm for 15NAT). The main goal of this procedure is to facilitate that each hot spot contains one or very few 15NAT molecules, since their density in the self-assembled monolayer is much lower than that of 1OT molecules. The enhancement at the gap between nanostar tips and the Au substrate is facilitated by highly localized plasmons at the former. We show in Figure 1b a measured extinction spectrum for Au nanostars dispersed in water, as compared to that for Au nanospheres. Details on the synthesis and characterization methods of both types of particles are given in the Supporting Information (SI). The stars display two plasmon modes, one of them being localized at the tips and producing a dominant broad feature at the edge of the visible range (∼730 nm). 16 This mode overlaps the laser wavelength employed in our SERS measurements (785 nm), which was chosen to avoid photodegradation of the probed molecules. In contrast, Au nanospheres produce a narrower band at shorter wavelengths (∼530 nm). Experimental evidence for the spatial distribution of these plasmon modes is provided by electron energyloss spectroscopy (EELS) mapping (Figure 1d ) performed on a single particle in a scanning transmission electron microscope (STEM), similar to recent benchmark studies of plasmon mapping on silver nanoprisms. 17 This mapping clearly demonstrates the highly localized character of the lowest energy plasmons at the tips. Boundary element method (BEM) calculations 18, 19 are in excellent agreement with both the spectral features of the extinction spectra (dashed curves, Figure 1b ) and the EELS-resolved tipplasmon spatial distribution (Figure 1e ) (see SI for further details). The red shift of the tip mode with respect to the plasmon localized at the central sphere is consistent with the intuition gathered from a similar effect occurring in longitudinal excitations of elongated particles as either the aspect ratio or the tip sharpness are increased 20 (see Figure S3 in the SI).
The degree of SERS amplification measured in our experimental system is illustrated in Figure 2a , in which the SERS spectrum (red line) is compared to a Raman spectrum acquired for 15NAT molecules in the liquid phase (blue line). Both spectra are normalized to count rate per 15NAT molecule. An overall ∼10 10 SERS enhancement factor is determined from these measurements. Signal normalization required detailed molecule (nanostar) counting, as described in the SI. It should be noted that the S-H stretching vibrational mode (2562 cm -1 in the bulk Raman spectrum, see Table  S1 in the SI) is not present in the SERS spectrum, which confirms the covalent binding of the thiol group to Au. 21 The SERS signal from individual hot spots (i.e., individual 15NAT molecules) can be clearly resolved in a sample with a sparse distribution of 15NAT molecules (see Figure 2c , with a 15NAT:1OT molar ratio of 1:1000), using Raman features that are easily discerned in the spectra. A more concentrated sample (Figure 2b , corresponding to a 15NAT:1OT ratio of 1:100) reveals the same features, with a better signal-to-noise ratio, which we used for the quantitative assessment of the SERS enhancement factor.
Additional proof of the importance of using particles with sharp tips was obtained by repeating these measurements using nanospheres rather than nanostars. Nanospheres lead to SERS enhancement factors that are roughly over 2 orders of magnitude smaller than those from nanostars ( Figure 3) . The array of nanospheres considered in Figure 3a , which has a larger particle density than the array of nanostars shown in Figure 2b , still results in a low count rate and a relatively noisy SERS signal, unlike the spectrum obtained with nanostars. Additionally, Figure 3b shows that, in contrast to nanostars, zeptomole detection with nanospheres is unattainable and results in a SERS count rate below the noise level, thus producing a blank SERS map (cf. Figures 3b and 2c) .
Our main results are summarized in Figure 4 , and in particular Figure 4d presents a comparison of theory and experiments for SERS with nanospheres and nanostars at three different Raman lines (see assignment of the 15NAT Raman lines in Table S1 , SI). The upper panel contains sketches and BEM calculations of the SERS enhancement for three different nanostructured Au configurations: tip-surface and sphere-surface configurations mimicking the measured nanostar-and nanosphere-assisted SERS, and a nanosphere dimer as considered in earlier studies. 9 The calculated enhancement factor is plotted as a function of incident light wavelength and Raman shift for a surface-to-surface gap of 1 nm in all cases, consistent with the size of the 15NAT molecule used in the present experiments. The enhancement is clearly higher for the nanostars, both for the excitation wavelength under consideration and as compared to the maximum enhancement predicted for the other two configurations. This behavior is fully consistent with our measurements, and the results for the sphere dimer are also in agreement with previous calculations. 4, 9 The relevant role of the flat Au surface in SERS amplification is clearly illustrated by these calculations. We compare in Figure 4d experimental and calculated SERS enhancement factors for nanostars and nanospheres. As expected, the sphere with a tip gives rise to a considerably larger overall enhancement than the sphere with no tip. Calculated values are a little higher than the corresponding experimental ones (10 12 vs 10 10 for the sphere with a tip and 10 9 vs 2.3 × 10 8 for the regular sphere). There are several reasons to which this difference could be ascribed: worse coincidence of the laser wavelength with hotspot resonances; poor performance of some of the tips (e.g., the smoother ones); or nonlocal effects, which effectively smooth the metal boundaries with respect to the sharp interface description inherent in customary local calculations of the light field for metalto-metal gap distances below 1-2 nm. 22 However, the calculated difference in the enhancement factors between the tip and the sphere configurations (2-3 orders of magnitude) is in close agreement with the experimentally measured 250-fold increase.
The procedure herein reported thus provides a simple way of achieving reproducible, ultrasensitive SERS spectroscopy for zeptomole detection. The method can be easily applied to other types of molecules. For fixed dimensions of the exciting laser spot, the ratio of probed to dummy molecules (see Figure 1a) determines the sensitivity of the technique (i.e., the intensity of the spectra and the number of emitting molecules) and solves the problem of quantitative detection with high-throughput. Our controllable hot spots open a new avenue toward nonlinear optics (e.g., for alloptical switching and up-conversion applications). They should also be useful as nanoantennas for coupling laser light into plasmon polaritons, while textured Au surfaces could be a practical solution for high-throughput screening, biosensing and diagnosis, combinatorial chemistry, and drug discovery. Table S1 in the SI).
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